Abstract: Sequence databases could be efficiently exploited for development of DNA markers if it were known which gene regions reveal the most polymorphism when amplified by PCR. We developed PCR primer pairs that target specific regions of previously sequenced genes from Avena and Zea species. Primers were targeted to amplify 40 introns, 24 exons, and 23 promoter regions within 54 maize genes. We surveyed 48 maize inbred lines (previously assayed for simple-sequence repeat (SSR) polymorphism) for amplification-product polymorphism. We also developed primers to target 14 SSRs and 12 introns within 18 Avena genes, and surveyed 22 hexaploid oat cultivars and 2 diploid Avena species for amplification-product polymorphism. In maize, 67% of promoter markers, 58% of intron markers, and 13% of exon markers exhibited amplification-product polymorphisms. Among polymorphic primer pairs in maize, genotype diversity was highest for SSR markers (0.60) followed by intron markers (0.46), exon markers (0.42), and promoter markers (0.28). Among all Avena genotypes, 64% of SSR markers and 58% of intron markers revealed polymorphisms, but among the cultivars only, 21% of SSR markers and 50% of intron markers were polymorphic. Polymorphicsequence-tagged sites for plant-breeding applications can be created easily by targeting noncoding gene regions.
Introduction
Public databases of plant gene and protein sequences represent a valuable and growing resource for plant genetics and breeding. For example, simple-sequence repeats (SSRs) can often be detected in gene sequences simply by searching for diagnostic repeat sequences. Each SSR is a tandem repeat of one or more short, simple sequences of two to six nucleotides. Polymorphism is detected using oligonucleotide primers complementary to conserved sequences flanking re-peats in a polymerase chain reaction (PCR). Gel electrophoresis can then be used to separate PCR amplification products according to size, allowing detection of differences in the number of repeats targeted and amplified. SSRs are favored for plant-breeding and genetics applications because they are abundant in plant genomes, highly polymorphic within species, relatively rapid and inexpensive to assay, and can be used to identify specific chromosomal regions consistently across populations (Chen et al. 1997; Chin et al. 1996; Senior et al. 1998; Smith et al. 1997; Taramino and Tingey 1996) . SSR development in oat (Avena sativa L.) lags behind that in other major cereal crops, with only 16 SSRs exhibiting polymorphism between cultivated genotypes reported to date (Li et al. 2000) .
SSRs can be identified empirically by screening DNA libraries for repeat motifs via hybridization and sequencing candidate clones (Li et al. 2000; Taramino and Tingey 1996) , applying SSR primers from related species (Li et al. 2000; Westman and Kresovich 1998) or mining sequence databases (Chin et al. 1996; Senior and Heun 1993; Wang et al. 1994 ). GenBank, a database supported by the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/), is the major public source of plant gene sequence information. As of July 2001, GenBank contained 111 319 total sequences and 214 intron-containing sequences from Zea mays L. and 186 854 total sequences and 1020 introncontaining sequences from Arabidopsis thaliana. Resources for Avena species, however, are significantly smaller. The database included 767 cDNA, genomic, chloroplast, intron, spacer, and repeat sequences from 10 species in the genus Avena. A majority of the sequences are mRNA or cDNA sequences from A. sativa, and these 644 sequences can be searched for SSRs. GenBank contains only 12 Avena genomic sequences containing introns, 2 of which are from chloroplasts. Because of the limited availability of sequence information from some crop species, such as oat, we want to develop methods to maximally exploit the available sequence data for DNA marker development.
One approach to exploiting limited sequence information is to develop PCR primers targeting specific gene regions to determine which regions provide sufficient amplification product length variation for use as DNA markers. Genomic DNA sequences (in contrast to cDNA sequences) from the public databases often indicate the positions of exons, introns, and promoter regions within the primary gene sequence. Therefore, genomic-sequence information can be used to develop PCR primers flanking the exon, intron, or promoter regions of known genes with high specificity. It may be possible to use such PCR primers as an alternative source of DNA markers that share the advantages of SSRs in variability, specificity, speed, and inexpensiveness.
DNA sequences that do not code for protein products are potentially more variable among alleles within a species because the fitness consequences of sequence variations in those regions are expected to be smaller than variations within coding sequences. Intron sequences evolve more rapidly than exon sequences in both plants (Small and Wendel 2000) and mammals (Hughes and Yeager 1997) . Under the assumption that intron sequences evolve independently of function, they have been used as estimates of "genetic time" in phylogenetic studies (He and Haymer 1997; Johnson and Soltis 1994) . Further, length variation among intron alleles within plant species has been reported. Chetelat et al. (1995) developed an allele-specific PCR marker for the sucr gene in tomato (Lycopersicon sp.) by designing primers to amplify several exons and introns, and demonstrated that length variations among genotypes were caused by insertiondeletion (indel) polymorphisms within an intron. Similarly, Hongtrakul et al. (1998) identified intron-length polymorphism in sunflower (Helianthus annus L.) caused by indels and differences in lengths of monomeric repeats, and suggested their utility as allele-specific DNA markers. Intronlength variation due to transposable-element indels in introns has also been discovered among alleles of maize genes (Bureau and Wessler 1994; Esen and Bandaranayake 1998) .
The relative levels of allelic variability in lengths of introns, exons, or other gene regions have not been adequately studied in any species (Long and de Souza 1998) . We expect that the phenotypic consequences of length variation are not equal among gene regions. Sequences that have large and direct effects on phenotypes are likely to maintain the least amount of variation under selection. Therefore, we expect exon sequences to have lower levels of length polymorphism, but the relative levels of variation among exons, introns, and upstream regions are not predictable because introns as well as promoter regions can affect gene expression (Bolle et al. 1996; Long and de Souza 1998) . This implies that not all variation within introns and promoter regions is neutral. Introns contain the splice sites that direct their correct removal from the gene when initial transcripts are processed to mature RNAs (Lewin 1997) . If these sites are changed or removed, the gene product may be altered, resulting in a nonfunctional protein (Brown et al. 1996) . Laurie and Stam (1994) determined that polymorphism within an intron of the alcohol dehydrogenase gene in Drosophila melanogaster has an effect on the amount of protein present. Similarly, Fridman et al. (2000) suggested that length variation within the intron of an invertase gene in tomato was responsible for allelic differences in the gene's expression. Furthermore, intron size itself seems to be constrained within maximal and minimal limits by selection pressures (Carvalho and Clark 1999) . The importance of promoters in gene expression is obvious, but it is not known to what extent variation within a few hundred base pairs (bp) upstream of the transcription start site will affect expression. Empirical evidence regarding the relative levels of variation among these different gene regions is needed to better understand the phenotypic importance of different gene regions and predict the feasibility of developing DNA markers by amplifying particular gene regions.
The objectives of this study were to develop PCR primer pairs targeting previously sequenced genes from Avena and maize in order to compare the amount of allelic amplification product polymorphism among gene regions. Exon, intron, promoter, and SSR target regions were compared in maize, while SSR and intron target regions were compared in oat.
Materials and methods

PCR primer design for maize genes
Ninety-one primer pairs were developed to target 54 GenBank accessions representing maize nuclear genomic sequences (Table 1). Sequences were chosen at random, with the stipulation that exon and intron or noncoding 5′ regions were identified in the sequence. Intron regions were sampled more extensively because we hypothesized, before conducting the experiment, that these regions are most polymorphic. Forty-three primer pairs targeted intron sequences, 24 primer pairs targeted exon sequences, and 24 primer pairs targeted upstream 5′ flanking sequences. Exon primer pairs targeted only exons with no known intervening introns. Intron primer pairs generally targeted a small region of exon flanking either side or both sides of the intron as well as the intron itself. Two of the intron primer pairs targeted two introns and a small intervening exon. Most promoter primer pairs targeted sequences identified as promoters, TATA boxes, CAAT boxes, or specific promoter elements in GenBank (Table 1 ). All genes for which exons were targeted also contained promoters and (or) introns that were targeted by different primer pairs (Table 1) . Two promoter primer pairs targeted a portion of the first exon of their target gene. Primers were designed with the PRIMER3 program (Rozen and Skaletskty 1997) to meet as closely as possible the optima of 20 bp primer length, 60°C annealing temperature, 20-60% GC content, and 100-200 bp amplified product size.
PCR primer design for Avena genes
Twenty-six PCR primer pairs were developed from 16 nuclear DNA sequences of Avena fatua and A. sativa published in GenBank (Table 2) . Target sequences were either introns from a genomic DNA sequence or SSRs visually identified in either cDNA or exon sequences from genomic DNA (except that one SSR was located within an intron). SSRs contained perfect or imperfect repeats comprising at least 12 bp (Table 2) . Primer pairs targeting intron sequences and a pair targeting an SSR were developed for the GLAV1 gene; all other sequences were targeted by either intron or SSR markers, but not both (Table 2) . Primers were designed with Prophet software (MarketMiner Inc., Charlottesville, Va.), based on the optimal criteria used for the maize primer pairs. Once designed, each primer was evaluated for dimer and hairpin quality with the Primer Premier program (Premier Biosof International, Palo Alto, Calif.). The primers had a Gibbs free energy of less than 0.3 kcal·mol -1 .
Plant material
DNA was isolated from 48 maize (Zea mays) inbred lines: 38-11, A12, A188, A554, A632, B14A, B37, B52, B73, B77, B84, B97, C103, CM105, CMV3, Ep1, F2, F2834T, GT112, H95, H99, HP301, Hy, I137TN, I205, I29, Ia2132, IDS28, Il677a, K55, Ky21, M37W, Mo17, N28Ht, NC258, NC296, NC298, NC304, Oh43, P39, SA24, SC213, Tx303, Tx601, Va35, W117Ht, W182B, and W64A. These lines are a subset of those surveyed by Senior et al. (1998) for SSR polymorphism, and were selected to represent as much of the genetic variation present in the original sample as possible. Maize DNA was isolated using a modified cetyltrimethlyammonium bromide (CTAB) procedure (Saghai-Maroof et al. 1984) . DNA was also isolated from a single plant of each of 22 A. sativa cultivars (Blaze, Burton, Chaps, Clintland 64, Coker 234, Dane, Don, Horicon, Jerry, Jim, Kanota, Newdak, Ogle, Prairie, Premier, Rodeo, Skakun, Sheldon, Starter, TAM O-301, and Victoria) and 2 diploid oat accessions (Avena strigosa Schreb. CI1994 and Avena wiestii Steud. CI3815). Oat DNA was isolated using the Puregene protocol (http://www.gentra.com/Product/ Protocols_Framed.html).
PCR amplification
Target SSR, intron, exon, and promoter sequences were amplified using PCR. Five microlitres (50 ng) of DNA from each line investigated was loaded into a 96-well PCR plate. Ten microlitres of polymerase solution (4.3 µL distilled water, 1.5 µL bovine serum albumin, 1.5 µL of 10× L-buffer (100 mM Tris-HCl + 15 mM MgCl 2 + 500 mM KCl), 0.5 µL dNTPs (100 µM each dNTP), 0.2 µL (1 U) Taq polymerase, 0.5 µL (25 ng) forward primer, and 0.5 µL (25 ng) reverse primer) was pipetted into each well of the plate and one drop of mineral oil was added to each sample. The plate was covered, placed in the thermocycler, and subjected to an initial denaturation step of 95°C for 1 min. Then the plate was cycled through three steps of 94°C denaturation for 1 min, 65°C annealing for 1 min, and 72°C extension for 2 min. After this initial cycle, the same cycle was repeated 10 more times with a 1°C decrease in the annealing temperature each time. The 10th cycle (94°C for 1 min, 55°C for 1 min, and 72°C for 2 min) was repeated 20 times, followed by a 4°C soak cycle.
Gel electrophoresis
Four percent MetaPhor (Cambrex, East Rutherford, N.J.) agarose gels containing 0.15 µg ethidium bromide/mL were used to separate the PCR amplification products. The contents of each well of the PCR plate were loaded on a gel, electrophoresed at 95 V for 4-6 h in 1× TBE buffer, and photographed under UV light to detect PCR-product polymorphisms. All maize primers that exhibited unclear banding patterns or null alleles were replicated at least twice and scored independently by two researchers. All oat PCR reactions, electrophoretic separations, and scoring were performed twice independently for each primer pair.
Data analysis
The proportion of primer pairs revealing polymorphism was computed for each class of marker. Standard errors for frequencies of polymorphism were computed as standard errors of binomial variables (Weir 1990) . Frequencies of polymorphism were compared among pairs of marker groups using χ 2 tests (Snedecor and Cochran 1989) .
Genotypic diversity was computed for each primer pair as
where P i is the frequency of the ith genotype, or banding pattern (Garcia et al. 1989) . When each genotype produces one band, genotypic diversity measured in this way is equivalent to gene diversity and polymorphic information content as described by Senior et al. (1998) . Mean genotypic diversity was calculated for each target class. Genotypic diversity was not normally distributed, nor was it easily transformable to normality. Therefore, nonparametric one-way analyses of variance were conducted within each species to permit statistical comparisons of mean genotypic diversity among gene regions. Kruskal-Wallis tests (Steele and Torrie 1980) were used to test for overall differences among all classes and for differences between each pair of gene-region classes. Genotypic diversity values for each maize SSR primer studied by Senior et al. (1998) were recalculated for the subset of 48 inbred lines used in this study, and these were used to compare the mean SSR genotype diversity value to those of intron, exon, and promoter markers from the current experiment.
Results
Maize markers
Four primer pairs (targeting three introns and one promoter region) failed to amplify and were excluded from further analysis. Two intron and three promoter markers were also eliminated from the dataset because they produced complex, unrepeatable banding patterns. Therefore, data were collected on 38 intron markers, 24 exon markers, and 21 promoter markers (Table 1) . Three (8%) intron markers and one (4%) exon marker produced more than two repeatable bands in some genotypes, indicating that these primer pairs amplified two or more duplicate loci. Six (16%) intron markers and five (24%) promoter markers produced presence or absence of amplification product polymorphisms. These proportions were significantly greater than that for exon markers, none of which produced presence or absence polymorphisms. Polymorphisms were detected significantly more frequently for promoter and intron markers (67 and 58%, respectively) than for exon markers (13%; Table 3 ). Taking all primer pairs into account, mean genotype diversities of promoter and intron markers were similar to each other and significantly greater than diversity of exon markers (Table 3). Limiting the comparisons to polymorphic primer pairs only (Table 4) revealed that polymorphic intron markers had greater mean genotypic diversity than polymorphic promoter markers (Table 3) . Because there were only three polymorphic exon primers, reliable comparison of genotype diversity of polymorphic exon markers with other polymorphic markers was hindered.
Genotype diversity of 70 SSR markers among the 48 maize inbred lines assayed in this experiment was calculated from the data of Senior et al. (1998) , revealing that genetic diversity of SSRs was significantly greater than that of either intron or promoter markers (Table 3) . We could not directly compare the proportion of polymorphic SSR markers to intron, promoter, or exon markers in maize, however, because of the method used to select the maize SSR markers. Chin et al. (1996) performed an initial screening for polymorphism using nine inbred lines only, including four proprietary inbred lines. They reported that 69 of 200 (35%) maize SSRs were polymorphic on their set of nine inbred lines. The more stringent selection of SSRs for polymorphism on a smaller set of lines may have resulted in maintaining only the most polymorphic SSRs to use in assays of genetic diversity. Therefore, the mean genotypic diversity measure for SSRs reported here may be biased upward relative to the other markers because of preselection.
Avena markers
The proportions of markers that were polymorphic in the sample of Avena lines tested were approximately equal for SSR (64%) and intron (58%) markers (Table 3) . No statistically significant differences were observed between Avena intron and SSR markers for genetic diversity, regardless of whether all primer pairs or only polymorphic primer pairs were used in the calculations (Table 3 ). The genotypic diversity of polymorphic Avena primer pairs (Table 5 ) was 0.45 for intron markers and 0.35 for SSRs. The most polymorphic primer pairs were the SSRs Rast1-4 and NPH1-1-2 and the intron markers AMY2A, GLAV3 intron 2, and SSP12 intron 2.
If only the hexaploid cultivars are considered, the percentage of polymorphism drops to 21% for the SSRs and 50% for the intron markers. Similarly, Li et al. (2000) observed that whereas 62% of their SSRs were polymorphic when tested on a set of 12 Avena species and 20 oat cultivars, only 36% were polymorphic within the set of cultivars. Our results cannot be directly compared with those of Li et al. (2000) because of the different samples of genotypes assayed and because most (89%) of the SSR markers developed here revealed presence or absence polymorphisms rather than only amplification product length variation, as do typical SSRs. Furthermore, we may have underestimated the proportion of polymorphic markers in this study by using MetaPhor agarose gels, whereas Li et al. (2000) used longer polyacrylamide gels to improve discrimination of similarly sized alleles.
Seven of nine polymorphic Avena SSRs produced one or fewer bands per genotype and two Avena SSRs produced two or fewer bands per genotype. Polymorphic intron markers produced from zero to three bands per genotype. Without direct genetic analysis of the inheritance of these bands, it was not clear whether multiple bands per genotype were due to residual heterozygosity or to duplicated loci amplified by Note: Genes are from A. sativa unless noted otherwise as being from A. fatua. *CDS, coding sequence (translated region); UTR, untranslated region. Subscripts following repeat sequences refer to the number of repeats in the reference sequence; a subscript n + 1 refers to a sequence that is repeated n times, interrupted by fewer than five bases and repeated again; a hyphen within the parentheses denotes a variable base of an imperfect repeat. Table 2 . Gene sequences from Avena surveyed for genotypic variation, their target regions, and genotypic diversity among 22 hexaploid oat cultivars and two diploid oat accessions.
the same primer pair. The allohexaploid nature of the A. sativa genome and the high rate of self-pollination in oat makes the existence of multiple loci likely.
Seed-storage protein (SSP) 12 intron 3 marker (from accession X17637) was polymorphic between CI3815 and CI1994, the parents of a diploid oat mapping population. Therefore, the A. strigosa × A. wiestii recombinant inbred mapping population was assayed with this marker. The marker segregated as a single locus, SSP12-3, and was mapped by Kremer et al. (2001) in this population. The Rast1-4 (L39777) SSR marker and Glav3 (X7471) intron 2, Amy2A (AJ10728) intron 3, and Amy2D (AJ10729) intron 1 markers were polymorphic between hexaploid oat cultivars Ogle and TAM O-301 and were mapped in the recombinant inbred mapping population developed from the cross of these cultivars. The Glav3 intron 2 marker identified two linked loci (Glav3.1 and Glav3.2) 9 cM apart (Portyanko et al. 2001) . Rast1-4, Amy2A, and Amy2D mapped as single loci (Portyanko et al. 2001 ).
Discussion
Our results indicate that intron markers exhibit substantial within-species variation and can be a useful source of DNA markers for oat and maize breeding and genetics. Promoter markers are also frequently polymorphic among maize inbred lines; however, the genotypic diversity revealed by those polymorphic markers is less than that revealed by polymorphic intron markers. Intron and promoter markers share desirable properties with SSRs, including PCR-based assays, locus specificity, and relatively high polymorphism, except that they detected less genetic diversity than the selected set of SSRs used for comparison in maize. Intron and promoter markers can be more difficult than SSRs to develop, however, because they can be developed only for genes with well-annotated genomic sequences, whereas SSRs can be detected in both genomic and cDNA sequences. Fewer genomic than cDNA sequences are found in the public databases. For example, as of July 2001, GenBank contained 767 DNA sequences from Avena, of which only 10 were genomic nuclear DNAs containing introns. Fewer than 1% of maize and Arabidopsis DNA sequences in GenBank contained introns at that time. The number of genomicsequence resources for major crop species is expected to increase dramatically in the future, which will facilitate development of intron and promoter markers. cDNA sequences will likely be added at an even faster rate, however, because of expressed sequence tag projects under way for many plant species (Davis et al. 2000; Lonsdale et al. 1999) .
Our comparisons involving oat SSR markers are confounded by the finding that only one of the polymorphic oat SSR markers (X03244) demonstrated solely length polymorphism, while all others revealed presence or absence polymorphisms (Table 5 ). This indicates that the sequence variation underlying most of the polymorphisms was most likely in the sequences homologous to the primers, which flank the repeats (Gupta and Varshney 2000) . This is in contrast to typical SSR polymorphisms, which represent varying numbers of the targeted repeat sequence, specified as simple sequence length polymorphisms by Cho et al. (2000) . Searches of cDNA sequences for short repeat sequences, like the one performed in this study, may be less likely to result in identifying SSRs with high levels of repeat-length polymorphism than the approach taken by Li et al. (2000) of identifying longer SSRs in hybridization-enriched libraries. SSR markers developed from genomic libraries were found to be substantially more polymorphic than those from expressed sequence tag libraries in rice (Cho et al. 2000) and durum wheat (Eujayl et al. 2001) .
Many of the cDNA sequences from which the oat SSR primers were derived represent seed-storage or DNA-binding proteins, which tend to have short stretches of repeated amino acids, and these amino acid repeats are not representative of typical SSR repeats. The number of such repeats may be conserved, owing to their effects on protein function, and therefore less likely to vary than repeat sequences in noncoding regions. This may explain why, among hexaploid oat cultivars, the repeat markers used in this study were significantly less polymorphic than intron markers. The repeat markers developed here seem to have little advantage over those developed by Li et al. (2000) except that they were easy to create and they provide allelic tags for known genes. Most polymorphic markers targeting oat introns also exhibited presence or absence variation, but this proportion (57%) was still significantly lower than that of the oat repeat markers (89%). In contrast, in maize, none of the exon primers, 27% of the polymorphic intron markers, and 36% of the polymorphic promoter markers exhibited presence or absence polymorphisms. The difference between maize and oat intron markers may be due to the bias introduced by the high proportion of seed storage and DNA binding protein genes in our limited sample of genes targeted in oat.
Within exons the position of the amplification target region may influence the level of polymorphism. cDNA sequences can contain 5′ and 3′ untranslated regions (UTRs) in addition to translated regions. Perhaps UTRs possess a greater potential for sequence-length variability than translated regions. Scott et al. (2000) reported that the relative level of variability among 5′ UTR-, 3′ UTR-, and codingsequence-derived SSRs depended on the level of taxonomic divergence among the small sample of grape genotypes in their study. Among the exon markers in maize, only three included any UTRs in the target sequence. One of these (from GenBank accession L05934) was polymorphic, whereas only 3 of 21 exon markers that targeted translated regions were polymorphic. Among 14 oat repeat sequences targeted, 13 were within exons, and of these, 5 were in a translated coding sequence, 4 in a 5′ UTR, and 4 in a 3′ UTR (Table 1) . Surprisingly, all of the SSRs within coding sequences were polymorphic and three of four SSRs within 3′ UTRs were polymorphic; only one of four SSRs within a 5′ UTR was polymorphic. This observed distribution of polymorphism deviates significantly (P < 0.025) from a random distribution of polymorphisms across the three classes of exon regions, but a larger sample of genes is needed to verify this result. It is unclear why 5′ UTRs would be more conserved than coding sequences or 3′ UTRs; perhaps 5′ UTRs play an important role in gene expression. Alternatively, it may be an artefact of sampling that the repeat-sequence markers within 5′ UTRs were more conserved. For example, the frequency of trinucleotide repeats versus dinucleotide and tetranucleotide repeats may influence the level of polymorphism of repeat sequences within coding regions. The addition or deletion of one trinucleotide repeat will not result in a frame-shift mutation, whereas such polymorphisms within dinucleotide and tetranucleotide repeat sequences will result in frame-shift mutations. This appears not to have been the case in this sample, however, because (i) most of the maintain high levels of sequence variation within these regions. The practical consequence of this is that for crop species with limited polymorphic PCR marker availability (like oat), public sequence databases can be easily and successfully mined to develop polymorphic markers.
